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Abstract
We reconsider the gauge hierarchy problem from the viewpoint of effective field
theories and a high-energy physics, motivated by the alternative scenario that the
standardmodel holds up to a high-energy scale such as the Planck scale. The prob-
lem is restated as the question whether it is possible to construct a low-energy effec-
tive theory and the interaction with heavy particles, without spoiling the structure
of a high-energy physics supported by an excellent concept. Based on this reinter-
pretation, we give a conjecture that theories with hidden fermionic symmetries can
be free from the gauge hierarchy problem and become candidates of the physics
beyond and/or behind the standard model, and present toy models with particle-
ghost symmetries as illustrative examples and a prototype model for the grand uni-
fication.
1 Introduction
Recent experimental results at the Large Hadron Collider (LHC) would revisit the gauge
hierarchy problem [1, 2], because theHiggs boson has been foundwithmh+ 126GeV [3,
4], and evidences from new physics such as spacetime supersymmtry (SUSY), compos-
iteness and extra dimensions have not yet been discovered.
The gauge hierarchy problem is related to the feature that an effective field theory
becomes unnatural, because fine tuning is required to obtain the weak scale and/or to sta-
bilize it against radiative corrections, if there is a high-energy physics such as a grand uni-
fied theory (GUT) relevant to the standard model (SM). It is summarized as the following
questions. What generates the weak scale or the Higgs bosonmass? How is it stabilized?
For example, logarithmic divergences in radiative corrections due to heavy particles can
ruin the stability of the weak scale.
There are at least three possibilities for the problem. First one is that there is a new
physics at the terascale with a new concept such as SUSY, compositeness and/or extra
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dimensions, to solve the problem completely. Second one is that there is a newphysics at
the terascale to derive theweak scale, and the scale is stabilized by some excellentmech-
anism and/or symmetry at a high-energy scale MU such as the Planck scale MPl. Third
one is that there is no newphysics concerning theHiggs bosonmass at the terascale, and
a high-energy physics solves the problem completely.
In this paper, we reconsider one side of the problem “how is the weak scale stabi-
lized?”, from the viewpoint of effective field theories and a high-energy physics. Our
study is motivated by the alternative scenario that the SM (modified with massive neu-
trinos) holds up toMPl [5, 6] and the guiding principle that the gauge hierarchy is stabi-
lized by a symmetry that should be unbroken in the SM [7]. Based on a reinterpretation
of the problem from the perspective of a high-energy physics, we give a conjecture that
theories with fermionic symmetries different from spacetime SUSY can be free from the
gauge hierarchy problem and become candidates of the physics beyond and/or behind
the SM, and present toy models with particle-ghost symmetries as illustrative examples
and a prototype model to explain the unification of the SM gauge coupling constants,
the triplet-doublet splitting of Higgs boson, and the longevity of proton.
The outline of this paper is as follows. In the next section, we review the gauge hierar-
chy problem and discuss it in relation tomasslessness. We reconsider the problem from
the viewpoint of a high-energy physics, point out that specific fermionic symmetries can
play the important role to stabilize a mass hierarchy, and propose a grand unification
scenario based on the conjecture, in Sect. 3. In the last section, we give conclusions and
discussions.
2 Gauge hierarchy problem andmasslessness
2.1 Gauge hierarchy problem
We discuss a fine tuning among parameters, from the viewpoint of effective field theo-
ries.
After subtracting quadratic and quartic divergences if exist, radiative corrections on
parameters ai , up to finite corrections, are given by
δai =
∑
j
ci j
(4π)2
a j ln
Λ
2
µ2
, (i , j = 1, · · · ,n) , (1)
where ci j are functions of parameters, Λ is a cutoff scale, and µ is a renormalization
point. From the feature that δai → 0 in the limit of ai → 0, the smallness of ai is un-
derstood, if the magnitude of ai is small enough. If physical parameters are determined
without fine tuning, the condition ci j a j ≤O(ai ) is roughly imposed on ai .
Fine tuning is, in general, necessary, if there is a physics relevant to the SM at a
higher energy scale beyond the terascale. For instance, in the presence of heavy par-
ticles with massesMI and some SM gauge quantum numbers, the radiative corrections
on the Higgs mass squared are given by
δm2h = c˜hΛ2+c ′hm2h ln
Λ
2
m2
h
+
∑
I
c ′′hIM
2
I ln
Λ
2
M2
I
+·· · , (2)
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where c˜h, c
′
h
and c ′′
hI
are functions of parameters. From (2), we find that the fine tuning is
indispensable for c ′′
hI
M2I ≫m2h due to the appearance of the quadratic terms ofMI (part
of the logarithmic divergences), even if the quadratic divergence c˜hΛ
2 is removed and
unless somemiraculous cancellationmechanismworks among corrections due to heavy
particles. This induces the technical side of the gauge hierarchy problem [1, 2], i.e., an
unnatural fine tuning is required to stabilize the weak scale against radiative corrections,
if there is a high-energy physics such as a GUT relevant to the SM.
2.2 Possible solutions
If nature dislikes fine tuning among parameters, there must exist a reasonable explana-
tion about the absence of fine tuning. Here, we review some possibilities.
(1) The concept of the first one is “compositeness”, i.e., some particles are not elemen-
tary but composite, made of a more fundamental constituents. We assume that there is
a new dynamics at the terascale, to compose some SM particles. The typical example is
a model that the Higgs doublet is made of new fermions [8, 9, 10]. The existence of new
particles and strong dynamics among them is predicted at the terascale.
(2) The concept of the second one is “symmetry”, that protects physical parameters
against large radiative corrections. As a new symmetry appearing at the terascale, we
enumerate three candidates.
(2.1) Supersymmetry [11, 12]. The SUSYmust be realized in a broken phase if exists. In
the presence of soft SUSY breaking terms, δm2
h
is given by
δm2h = cˆ ′hm2h ln
Λ
2
m2
h
+ cˆ ′′hm2soft ln
Λ
2
m2
soft
+·· · , (3)
where cˆ ′
h
and cˆ ′′
h
are functions of parameters, andmsoft is a typical mass parameter rep-
resenting the soft SUSY breaking. The magnitude of msoft is a same order of masses of
superpartners for the SM particles. The absence of fine tuning requires roughlymsoft ≤
O(1)TeV, and then the existence of superpartners concerning the SM particles is pre-
dicted at the terascale.
(2.2) Global symmetry. The Higgs boson can be a pseudo Nambu-Goldstone boson
relating a spontaneous breakdown of a global symmetry [13]. The smallness and the
stability of the Higgs boson mass and the smallness of Yukawa coupling constants arise
from the nature of Nambu-Goldstone particle.
(2.3) Conformal symmetry [14]. The quantum conformal invariance in collaboration
with finiteness, which is called “conformality”, can solve the problem. In the appearance
of new particles at the terascale, the theory becomes scale invariant with the vanishing
β functions. Then, physical parameters do not run beyond the scale, and the concept of
scale becomes vague.
(3) The concept of the third one is “extra dimensions”, i.e., there exists extra spatial di-
mensions other than 4-dimensional spacetime. We assume that there is a fundamental
theory at the terascale with a fundamental mass parameter ofO(1)TeV, concerning extra
dimensions. The typical examples are models with large extra dimensions [15, 16].
The combination of “extra dimensions” and “symmetry” produces a new solution,
which is called “gauge-higgs unification” [17, 18]. The extra-dimensional component
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(Ay ) of gauge field ismassless at the tree level due to the gauge invariance, and receives a
finite correction on itsmass upon compactification [19]. By the identification of Ay with
the Higgs boson, mh becomes a natural parameter because gauge symmetry enhances
on the higher-dimensional one in the limit ofmh→ 0, and the weak scale is stabilized in
the case with a large compactification scale ofO(1)TeV−1.
The stabilization of the extra-dimensional space is crucial for the solution to the
gauge hierarchy problem in theories on a higher-dimensional space-time, including the
Randall-Sundrummodel [20].
(4) There is a new physics at a higher energy scale MI than the terascale, but the inter-
action with the SM is extremely weak. Or large radiative corrections are not induced, if
the mixing among parameters of the physics atMI and the SM is tiny enough such that
c ′′
hI
≤O(m2
h
/M2I ).
(5) The SM (or an extension of the SMwith new particles around the terascale) holds up
to a high energy scale MU, without a new concept to stabilize the Higgs boson mass at
the terascale. We assume that a new physics appears at MU, which is described by an
ultimate theory, the initial value ofmh is fixed by the new physics, and somemechanism
and/or symmetry protectsm2
h
against large radiative corrections [7, 21, 22].
There is a possibility that a new physics and/or concept is hidden behind the SM,
too.
2.3 Masslessness and finiteness
Before we reexamine the gauge hierarchy problem from a different angle, we discuss its
related topics on a basis of an ultimate theory.
First, we assume that the physics at MU is described by an ultimate theory, which
has “finiteness”, i.e., physical quantities are calculated as finite values. At a rough guess,
the magnitude of quantities with mass dimension d is estimated asO(Md
U
), and natural
initial conditions for masses of particles in low-energy physics would be given by
mi (MU)= 0 , (4)
as far as a mechanism to generate a tiny value does not work in the ultimate theory. We
refer to the relations mi (MU) = 0 as “masslessness”.1 Non-zero masses and scales are
expected to be dynamically generated by quantum effects, in the effective field theory.
In other words, it might be a natural choice that every particle in a low-energy theory is
massless atMU, the effective theory has the classical conformal symmetry in addition to
chiral symmetry and gauge symmetry, and masses are induced after the breakdown of
relevant symmetries by some dynamics. The typical examples are the Higgs mechanism
in electroweak theory and the dimensional transmutation in quantum chromodynam-
ics.
At this stage, the following questions arise. What is the origin of masslessness and
finiteness? How is masslessness protected against quantum effects?
1 Masslessness could be related to the vanishment of bare Higgs boson mass aroundMPl [23].
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We need to specify an ultimate theory, in order to answer the above questions. Here,
we take string theory as a possible candidate.2 In string theory, the world-sheet confor-
mal invariance induces the massless string states, and the world-sheet modular invari-
ance guarantees finiteness of physical quantities. Hence, it can be said that the world-
sheetmodular invariance is responsible for the protectionofmasslessness against quan-
tum corrections.
Concretely, from the world-sheet modular invariance for the closed string, the cor-
rection δm2φ (radiative corrections of the scalar mass squared including contributions
from innumerable string states) should be given by
δm2φ =
∫
F
d2τ
τ22
G(τ) , (5)
where τ= τ1+ iτ2 is a modular parameter,G(τ) is a worldsheet modular invariant func-
tion, i.e., G(τ)=G(τ+1) and G(τ) =G(−1/τ), and F stands for the fundamental region
defined byF = {τ : |Reτ| ≤ 1/2,1≤ |τ|}. In cases where SUSY holds exactly,G(τ) vanishes,
and then δm2φ = 0. Even if SUSY is broken down, there is a possibility thatG(τ) vanishes
in conspiracy with infinite towers of massive particles, as suggested in Ref. [7].
From the viewpoint of effective field theories, symmetries relevant to naturalness
such as chiral symmetry, gauge symmetry and conformal symmetry become useful tools
for realisticmodel-building, that is, naturalness becomes a powerful guidingprinciple to
construct an effective theory [10]. The relation of naturalness and conformal symmetry
has been reexamined by Bardeen [25].3
On the other hand, from the viewpoint of an ultimate theory, masslessness is more
essential than naturalness or symmetries that make parameters natural. In other words,
naturalness or the relevant symmetry is regarded as a secondary concept, originated
from masslessness. Also, there is a possibility that an ultimate theory provides con-
straints on its effective theory. For instance, the ultimate theory possesses a duality like
the world-sheet modular invariance. If this symmetry or its remnant could be imposed
on the effective theory, only logarithmic divergent parts might be picked out and the
Higgs bosonmass could become a natural parameter, as discussed in [35].
For the gauge hierarchy problem, the fine tuning of order (mφ/MU)
2 is required for
the scalar mass squaredm2φ(≪M2U) from the viewpoint of effective field theories. In the
ultimate theory, there must be symmetries such as world-sheet conformal symmetry,
modular invariance and SUSY in string theory, to generate masslessness and protect it
against radiative corrections of O(M2
U
). Hence, we expect that such fine tuning might
also be an artifact in its effective field theory, and it could be improved if features of the
ultimate theory are taken in and the ingredients of the effective theory are enriched.
2 As a candidate of field theory version, the theories called finite unified theories, which have a large
predictive power, have been proposed [24]. They are based on the finiteness and the principle of reduction
of coupling constants.
3 Extensions of the SM have been proposed by adopting the classical conformal invariance as a guiding
principle [26, 27, 28, 29, 30, 31, 32, 33, 34].
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3 Supersymmetry and fermionic symmetry
Let us reconsider the technical side of the gauge hierarchy problem, based on the last
possibility presented in Sect. 2.2, because it is plausible on the basis of recent experi-
mental results at LHC. Evidences from SUSY, compositeness and extra dimensions have
not yet been discovered, and a definite discrepancy has not yet been observed between
the predictions in the SM (modified with massive neutrinos) and experimental results.
These suggest that, even if new particles and/or new dynamics exist, those effects must
be adequately suppressed.
Our consideration is based on the following assumptions, relating a physics beyond
and/or behind the SM.
(a) There is an ultimate theory at a high-energy scale MU, and it contains particles with
masses of O(MU) and massless ones. The physical sector of massless particles is de-
scribed by the SM (or an extension of the SM with new particles around the terascale).
We denote it by SM + α. This model holds up toMU, and the Higgs boson is described as
an elementary particle.
(b) There exists a new physics with a new concept X beyond and/or behind SM + α,
which is one of characteristics in the ultimate theory. The new physics can be formu-
lated by an effective field theory possessingX .
(c) The full effective theory consists of three parts, the part Xheavy describing heavy par-
ticles withmasses ofO(MU), the part X light (⊃ SM+α) including light (ormassless atMU)
particles that survive at a lower-energy scale, and the part Xmix describing the interac-
tions between particles in Xhigh and those in X light. The gauge hierarchy problem does
not occur, and the physical sector can be described by an effective theory without Xheavy
and Xmix. This feature consists of the following ingredients.
(c1) The physical parameters in SM + α do not receive large quantum corrections, in the
presence of Xheavy and Xmix.
(c2) The concept X is preserved in the full effective theory, independent of the behavior
of the particles in SM + α.
In the following, we search for X to realize (a) – (c), and explore theories with X
beyond and/or behind SM + α.
3.1 Fragility of supersymmetry and gauge hierarchy problem
For the sake of completeness, we examine whether spacetime SUSY is suitable as X or
not, by making clear the strong and weak points of SUSY, using a toymodel.
Let us begin with the Lagrangian density given by
LSUSY =L(0)+L(1,2)+Lmix , (6)
L(0) =
∣∣∂µφ0∣∣2+ψ0iσµ∂µψ0 , (7)
L(1,2) =
∣∣∂µφ1∣∣2−M2 ∣∣φ1∣∣2+ ∣∣∂µφ2∣∣2−M2 ∣∣φ2∣∣2
+ψ1iσµ∂µψ1+ψ2iσµ∂µψ2−Mψ1ψ2−Mψ1ψ2 , (8)
Lmix =− f 2
∣∣φ0∣∣2 (∣∣φ1∣∣2+ ∣∣φ2∣∣2)− f 2 ∣∣φ1∣∣2 ∣∣φ2∣∣2− f M (φ0+φ∗0)(∣∣φ1∣∣2+ ∣∣φ2∣∣2)
− f φ0ψ1ψ2− f ψ0φ1ψ2− f ψ0ψ1φ2− f φ∗0ψ1ψ2− f ψ0φ∗1ψ2− f ψ0ψ1φ∗2 , (9)
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where φk andψk (k = 0,1,2) are complex scalar bosons andWeyl fermions, respectively,
and parametersM and f are chosen as real, for simplicity. The SUSY invariance ofLSUSY
is understood from the rewritten version,
LSUSY =
∑
k
(∣∣∂µφk ∣∣2+ψk iσµ∂µψk −
∣∣∣∣∂W∂φk
∣∣∣∣2
)
−
(
1
2
∑
k,l
∂2W
∂φk∂φl
ψkψl +h.c.
)
, (10)
whereW =Mφ1φ2+ f φ0φ1φ2 and h.c. represents the hermitian conjugate.
From (7) and (8), we find that, at the tree level, both φ0 andψ0 are massless, both φ1
and φ2 have a massM , andψ1 andψ2 form a Dirac fermion with a massM .
Let us suppose that the sectors described byL(0),L(1,2) andLmix are counterparts to
a SUSY extension of SM + α, Xheavy and Xmix, respectively. Although the second term in
Lmix contains only heavy fields, we assume that it belongs to Xmix because it originates
from themixing of light and heavy fields inW .
The non-renormalization theorem states that bothM and f do not receive any radia-
tive corrections perturbatively, and hence the mass spectrum remains unchanged and
the hierarchical structure holds at the quantum level. This is the strong point of SUSY,
and SUSY extensions of GUTs become candidates of a theory with X [36, 37].
However, SUSY has not yet been found in particle physics. Hence, if SUSY exists in
nature, it is realized in a broken form. There are at least two possibilities to explain the
current status. One is that superpartners of the SM particles exist, but they are too heavy
to observe through the present collider experiments. Then, naturalness ofmh would be
viewed with suspicion because of the necessity for a (mild) fine tuning, as superpartners
become heavier [38, 39]. The other one is that there are no superpartners of the SM
particles at all. Then, a weakness of SUSY would become apparent (as will be shown
below) because of the missing of SUSY in the low-energy physics after the reduction of
SUSY and the elimination of superpartners, even if SUSY exists at an ultimate theory.
In the following, we hit a sensitive point of SUSY by answering the question what
happens if superpartners are missing, considering the case that ψ0 is eliminated in the
above toy model. Or we show that the parameters receive radiative corrections in the
absence of ψ0, and the mass hierarchy is spoiled. Concretely, at the one-loop level, the
mass squared of φ0, m
2
φ0
, does not receive any radiative corrections. This is due to the
fact that φ0 couples with heavy fields in a SUSY invariant form. The mass squareds of
φ1 and φ2 receive the radiative corrections of O(M
2), even if quadratic divergences are
removed. On the other hand,ψ1 andψ2 do not receive mass corrections at the one-loop
level, and themass degeneracy of heavy fields is lost. Hencem2φ0 receives large radiative
corrections ofO(M2) up to some suppression factors at the two-loop level, and themass
hierarchy is destroyed.
Although we have considered the toy model where the system with L ′
(0)
=
∣∣∂µφ0∣∣2
corresponds to SM + α, it is easily understood that a similar thing happens in any SUSY
extensions of the SM and the gauge hierarchy problem occurs.4 In this way, SUSYmakes
a strong showing in the presence of superpartners, but it is fragile if missing.
4 In SUSY extensions of the SM, quadratic divergences appear in radiative corrections on scalar masses
in the absence of (part of) superpartners, even if we neglect the contributions from heavy particles. To
avoid such a complication and extract effects of heavy particles, the toy model is considered.
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We rethink what happened, from the viewpoint of heavy particles. Let light fields in-
troducewithout their superpartners into a SUSY invariant system includingheavy fields.
The structure of SUSY invariant system is broken down through the coupling to the
system without superpartners, and it induces large radiative corrections on masses of
light scalar fields. This is a root or might be an essence of the gauge hierarchy prob-
lem. In other words, the gauge hierarchy problem can be restated as “without upsetting
the structure of a high-energy physics under cover of an excellent concept, is it possible to
formulate a low-energy effective theory and the interaction with heavy particles?"
3.2 Fermionic symmetry with a charmed life
First, we speculate a theory whose structure is stabilized by some symmetry X . The
strong point of SUSY provides a useful hint. It is that the cancellation on radiative cor-
rections works very well due to contributions from particles with different statistics, that
form supermultiplets, if SUSY holds exactly.
The spacetime SUSY pairs every particle with its superpartner whose helicity is one-
half different from, because SUSY charges (Qα,Qα˙) have helicity ±1/2 and satisfy the
relation {Qα,Qα˙} = 2σµαα˙Pµ. Here, we consider N = 1 SUSY for simplicity. Note that
Qα and Qα˙-singlets satisfying Qαψ(x) = 0 and Qα˙ψ(x) = 0 are not allowed because of
Pµψ(x) = i∂µψ(x) 6= 0. This fact leads to a weak point of SUSY in case that some super-
partners are missing.
From this observation, we anticipate that something quite interesting can happen,
if there is a symmetry such that the SM particles are singlets and heavy particles form
doublets under the transformation group, and quantum corrections from each compo-
nent in the doublet are canceled out each other. Then, a possible candidate of X is a
fermionic symmetry that transforms an ordinary particle into its ghost partner. Here,
an ordinary particle means a particle that obeys the spin-statistics theorem. The ghost
partner has same spacetime and internal quantumnumbers with the corresponding or-
dinary particle, but yields a different statistics. We refer to this type of fermionic symme-
try as a “particle-ghost symmetry”.
We explore theories with ghost fields, in the expectation that the particle-ghost sym-
metry can play the vital role to stabilize the Higgs boson mass, although it is hidden
behind the SM.
Let us consider a toymodel with a complex scalar particleφwith a lightmassmφ and
a pair of complex scalar particles (ϕ,cϕ) with a heavy mass Mϕ. Here, ϕ is an ordinary
scalar field yielding the commutation relations and cϕ is its ghost partner yielding the
anti-commutation relations. If bothϕ and cϕ interacts with φ in the same way, radiative
corrections onmφ due to heavy fields would vanish because of the cancellation between
contributions fromϕ and cϕ. Note that the extraminus sign appears for the virtual ghost
field running in the loop. Furthermore, themass of cϕ would receive the same size of ra-
diative corrections with that of ϕ through the interactions with φ. Hence we expect that
the particle-ghost symmetry is unbroken at the quantum level, and the mass hierarchy
is stabilized.
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Next, we embody our speculation, using the Lagrangian density,
LT =Lφ+Lϕ,c +Lmix , (11)
Lφ = ∂µφ†∂µφ−m2φφ†φ−λφ
(
φ†φ
)2
, (12)
Lϕ,c = ∂µϕ†∂µϕ+∂µc†ϕ∂µcϕ−M2ϕ
(
ϕ†ϕ+c†ϕcϕ
)
−λϕ
(
ϕ†ϕ+c†ϕcϕ
)
⋆
(
ϕ†ϕ+c†ϕcϕ
)
, (13)
Lmix =−λ′φ†φ
(
ϕ†ϕ+c†ϕcϕ
)
, (14)
where λφ is the quartic self-coupling constant of φ, λϕ and λ
′ are other quartic cou-
pling constants, and the star product (⋆) represents a non-local interaction. The self-
interactions of heavy fields are indispensable, because they are induced radiatively via
the couplings between light and heavy fields. Features of interaction terms are given in
the Appendix A. The sectors described by Lφ, Lϕ,c and Lmix are counterparts to SM +
α, Xheavy and Xmix, respectively.
Here, we outline radiative corrections on parameters. Details are presented in the
Appendix A. At the one-loop level, the mass squared of φ does not receive any radiative
corrections from heavy fields, because the contributions from ϕ and cϕ are exactly can-
celed out. On the other hand, the parametersMϕ,λϕ andλ
′ receive radiative corrections
throughLmix and the interactions inLϕ,c . If bothϕ and cϕ receive exactly the same size
of contributions, the structure of Lϕ,c and Lmix remain unchanged. This can be shown
at the one-loop level if interaction terms satisfy some features. If the stabilizationofLϕ,c
and Lmix hold at the all order of perturbation and the quadratic divergence in the mass
squared of φ, originated from the self-interaction of φ, is subtracted, the system is free
from fine tuning. Then, the mass hierarchy can be stabilized against quantum correc-
tions.
Now, we study a characteristics X to stabilize the theory. From (13) and (14), we
guess that the quardratic formI =ϕ†ϕ+c†ϕcϕ is a key and a symmetry relating transfor-
mations which leave I invariant can be X . It is equivalent toOSp(2|2).5
The transformations are classified into following four types.
(a)U (1) transformation for a particle:
δoϕ= iǫoϕ , δoϕ† =−iǫoϕ† , δocϕ = 0 , δoc†ϕ = 0 , (15)
where ǫo is an infinitesimal real number.
(b)U (1) transformation for a ghost:
δgϕ= 0 , δgϕ† = 0 , δgcϕ = iǫgcϕ , δgc†ϕ =−iǫgc†ϕ , (16)
where ǫg is an infinitesimal real number.
(c) Transformation that cϕ changes into c
†
ϕ and its hermitian conjugation:
δcϕ= 0 , δcϕ† = 0 , δccϕ = ǫcc†ϕ , δcc†ϕ = 0 , (17)
5 The OSp(2|2) is the group whose elements are generators of transformations (corresponding (a), (b)
and (d)) which leave the inner product of two vectors such as x1x2+y1y2+(θ1θ2−θ1θ2)/2 invariant, where
xi and yi (i = 1,2) are bosonic variables, and θi and θi are fermionic ones. Note that the innner product is
given by x2+ y2+θθ(= |z|2+θθ) for a same vector, where z = x+ i y .
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δ†cϕ= 0 , δ†cϕ† = 0 , δ†ccϕ = 0 , δ†cc†ϕ = ǫ†ccϕ , (18)
where ǫc and ǫ
†
c are Grassman numbers.
(d) Fermionic transformations (particle-ghost transformations):
δFϕ=−ζcϕ , δFϕ† = 0 , δFcϕ = 0 , δFc†ϕ = ζϕ† , (19)
δ†
F
ϕ= 0 , δ†
F
ϕ† = ζ†c†ϕ , δ†Fcϕ = ζ†ϕ , δ
†
F
c†ϕ = 0 , (20)
where ζ and ζ† are Grassman numbers. Note that δF is not generated by a hermitian
operator, different from the generator of the BRST transformation in systems with first
class constraints [40] and that of the topological symmetry [41, 42].
From the above transformationproperties, we see that δc, δ
†
c , δF and δ
†
F
are nilpotent,
i.e., δ2c = 0, δ†2c = 0, δ2F = 0 and δ
†2
F
= 0, where δc, δ†c , δF and δ†F are defined by δc = ǫcδc,
δ†c = ǫ†cδ†c δF = ζδF and δ†F = ζ†δ
†
F
, respectively. Furthermore, we find the algebraic rela-
tions, {
Qc,Q
†
c
}
=Ng ,
{
QF,Q
†
F
}
=No+Ng ≡ND , (21)
where No, Ng,Qc,Q
†
c ,QF andQ
†
F
are the corresponding generators (charges) given by
δoΦ= i [ǫoNo,Φ] , δgΦ= i
[
ǫgNg,Φ
]
, δcΦ= i [ǫcQc,Φ] ,
δ†cΦ= i
[
ǫ†cQ
†
c ,Φ
]
, δFΦ= i [ζQF,Φ] , δ†FΦ= i
[
Q†
F
ζ†,Φ
]
. (22)
It is easily understood thatϕ†ϕ+c†ϕcϕ is invariant under the transformations (19) and
(20), from the nilpotency of δF and δ
†
F
and the relations,
ϕ†ϕ+c†ϕcϕ = δF
(
c†ϕϕ
)
= δ†
F
(
ϕ†cϕ
)
= δFδ†F
(
ϕ†ϕ
)
=−δ†
F
δF
(
ϕ†ϕ
)
=−δFδ†F
(
c†ϕcϕ
)
= δ†
F
δF
(
c†ϕcϕ
)
. (23)
Using them, the Lagrangian densityLT is rewritten as
LT =Lφ+δFδ†F
[
∂µϕ
†∂µϕ−M2ϕϕ†ϕ−
λϕ
2
(
ϕ†ϕ⋆ϕ†ϕ−c†ϕcϕ⋆c†ϕcϕ
)
−λ′φ†φϕ†ϕ
]
. (24)
The theory is specified by the fermionic charges QF and Q
†
F
and the bosonic charge
ND of the doublet (ϕ,cϕ) with the relation
{
QF,Q
†
F
}
=ND. In the case that φ is invariant
underOSp(2|2) transformation, i.e., φ isQF andQ†F-singlet satisfying δFφ= 0 and δ
†
F
φ=
0, the full system described byLT hasOSp(2|2) invariance. Note thatQF andQ†F-singlets
are allowed, because ND is irrelevant to spacetime symmetries, different from the case
of spacetime SUSY.
To formulate our model in a consistent manner, we use a feature that a conserved
charge can, in general, be set to be zero as a subsidiary condition. We impose the following
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subsidiary conditions on states to select physical states |phys〉 can be selected,6
QF|phys〉 = 0 , Q†F|phys〉 = 0 , ND|phys〉 = 0 , (25)
and then heavy fields ϕ and cϕ are expected to be unphysical and not to give any quan-
tumeffects on the light fieldφ. This is regarded as a field theoretical version of the Parisi-
Sourlasmechanism [45]. Hence, there is a possibility thatϕ and cϕ are not dangerous for
φ, and vice versa, and the structure of theory is stabilized owing to the fermionic sym-
metries with a charmed life.
If we take ϕ†ϕϕ†ϕ in place of ϕ†ϕ⋆ϕ†ϕ in (24), the self-interactions of QF-doublet
λϕ
(
ϕ†ϕ+c†ϕcϕ
)
⋆
(
ϕ†ϕ+c†ϕcϕ
)
in Lϕ,c is replaced by
λϕ
(
ϕ†ϕϕ†ϕ+ϕ†ϕc†ϕcϕ+c†ϕϕϕ†cϕ+ϕ†ϕ⋆c†ϕcϕ−c†ϕϕ⋆ϕ†cϕ+c†ϕcϕ⋆c†ϕcϕ
)
. (26)
Hereafter, we do not consider self-interactions containing both local and non-local ones
such as (26), because the form of these interactions could not be stable against radiative
corrections in the framework of effective field theory.
More powerful fermionic symmetriesmight be needed to construct a realisticmodel.
We, however, do not specify them, because we have not known what an ultimate theory
is and what underlying symmetries are. Hence, in the following, we use particle-ghost
symmetries as an illustrative example.
We consider theories with fermionic symmetries (whose generators are denoted by
QF and Q
†
F
) that relate particles to their ghost partners and the bosonic symmetry re-
lating the charge ND for the doublets (pairs of particles and their ghost partners) with
the relation
{
QF,Q
†
F
}
=ND, and assume that those symmetries are not broken down at
the quantum level, and ghost fields are unphysical and harmless. Then we arrive at the
conjecture that the gauge hierarchy problem does not occur and the physical low-energy
theory can be described by SM + α, if a full effective theory has fermionic symmetries with
an eternal life, the SM particles and some extra light fields are QF-singlets and others in-
cluding heavy fields are QF-doublets. A theory beyond and behind the SM is expected to
be expressed as
LBSM =Llight+Lheavy+Lmix , Llight =LSM+α+δFδ†F∆L , (27)
whereLlight,Lheavy andLmix stand for the Lagrangian densities of the parts X light, Xheavy
and Xmix, respectively. The LSM+α represents the Lagrangian densities of SM + α, and
δFδ
†
F
∆L contains lightQF-doublet fields. Both Lheavy and Lmix are also written in the
δF-exact form, for instance,
Lheavy = δF
[∑
k
(
c†
Lk
iσµDµψLk +c†Rk iσ
µDµψRk −Mkc†LkψRk −Mkc
†
Rk
ψLk
)
+
∑
l
((
Dµcl
)† (
Dµϕl
)
−M2l c†l ϕl
)
+·· ·
]
6 The conditions (25) are interpreted as counterparts of the Kugo-Ojima subsidiary condition in BRST
quantization [43]. It is shown that the system containing both free ordinary fields and their ghost partners
is quantized consistently, though it becomes empty leaving the vacuum state alone [44].
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= δFδ†F
[∑
k
(
ψ†
Lk
iσµDµψLk +ψ†Rk iσ
µDµψRk −Mkψ†LkψRk −Mkψ
†
Rk
ψLk
)
+
∑
l
((
Dµϕl
)† (
Dµϕl
)
−M2l ϕ†lϕl
)
+·· ·
]
, (28)
Lmix = δF
[
−
∑
l
λlH
†Hc†
l
ϕl +·· ·
]
= δFδ†F
[
−
∑
l
λlH
†Hϕ†
l
ϕl +·· ·
]
, (29)
where (ψLk ,cLk ) and (ψRk ,cRk) are heavy Weyl spinorQF-doublets, and (ϕl ,cl ) are com-
plex scalar QF-doublets, and H is the Higgs boson in the SM that is a QF-singlet. Note
that bothLheavy and Lmix are also expressed in the δ
†
F
-exact form.
3.3 Grand unification and fermionic symmetry
First, let us start with a conjecture relating an ultimate theory. The ultimate theory must
explain the birth of our physical world as follows. Our world comes into existence from
“nothing”. Here, nothingmeans not an empty but a world whose constituents are unphys-
ical objects and/or fundamental objects including only gauge bosons (and their superpart-
ners, i.e., gauginos), that form multiplets of a large gauge symmetry. “Beings” including
matter fields are generated at MU, after reducing the large symmetry into a smaller one,
by some mechanism. The constituents after the reduction are massless particles and mas-
sive unphysical ones. Themassless particles contain GUTmultiplets and incomplete ones.
Parts of the GUT multiplets become unphysical in collaboration with ghost partners be-
longing to incomplete ones. After all, the SM particles and extra particles survive as phys-
ical ones or “beings”, in a lower-energy world.7 Note that, in our scenario, extra compo-
nents of GUTmultiplets can remain massless and decouple to the SM particles because
they become unphysical, which is different from the ordinary case that they decouple to
the SM particles because they become heavy on the breakdown of GUT symmetry.
Next, we discuss the verifiability and predictions of our conjecture. Although un-
physical particles do not give any dynamical effects on the physical sector, there are at
least two predictions, which can be indirect proofs of unphysical sector. First one is that
physical quantities calculated in the SM +α should preciselymatchwith the experimen-
tal values at the terascale, up to any gravitational effects, because radiative corrections
from unphysical particles are canceled out. Second one is that parameters in the SM +
α should satisfy specific relations at MU, reflecting on a large symmetry realized in the
ultimate theory.
In the following subsections,we explain that the secondprediction can be realized, in
the appearance of newparticles (QF-singlets) around the terascale and lightQF-doublets,
under a situation with following features.
(i) An ultimate theory has a large gauge symmetry potentially. Gauge bosons originate
from an object such asD-brane in string theory.
(ii) Other particles including matter fields appear with changing the structure of space-
time and/or object at a high-energy scale MU. All massive fields formQF-doublets and
7 Based on this conjecture, a toy model has been proposed that physical modes are released from un-
observable fields [46].
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become unphysical. Massless fields consist of ordinary fields and ghost fields. Most
ordinary fields including the gauge bosons form multiplets of a gauge group Go, other
ordinary fields formmultiplets of a smaller gauge groupG ′o and ghost fields formmulti-
plets of a gauge groupGg. The gauge symmetry of the system could increase fromG
′
o or
Gg toGo, if other ordinary fields andmassless ghost fieldswere removed, i.e.,Go ⊃G ′o,Gg.
(iii) The system survives in a consistent manner, thanks to fermionic symmetries. The
fermionic symmetries are unbroken at the quantum level, and all ghost fields are un-
physical and harmless.
3.3.1 Symmetry reduction with ghost administration
Let us demonstrate that the gauge symmetry is reduced in the appearance of incomplete
multiplets atMU, using toy models with the SU (2) Yang-Mills field.
We assume that the ultimate theory possesses many solutions corresponding multi-
verse such as the string landscape and some solutions contain ghost fields. Their low-
energy effective field theories are constructed from the massless spectra. In the fol-
lowing, we write down the Lagrangian densities with particle-ghost symmetries if ghost
fields exist, in several cases for a given set of massless particles.
First we consider an ordinary case that there are no ghost fields.
(A) Case withQF singletsmatter fields
Let the set (Aaµ,φ,ψL,ψR) be given as themassless ones. Here, A
a
µ are SU (2) gauge bosons
(a = 1,2,3), φ = (φ1,φ2)T is a scalar field of SU (2) doublet (the superscript T represents
the operation of transposition),ψL = (ψ1L,ψ2L)T and ψR = (ψ1R,ψ2R)T are left-handed and
right-handed chiral fermions of SU (2) doublets, respectively. From the SU (2) gauge in-
variance, the Lagrangian density is given by
L
(A)
SU (2)
=−1
4
F aµνF
aµν+Lm , (30)
Lm = (Dµφ)†(Dµφ)+ψ†Liσ
µDµψL+ψ†RiσµDµψR , (31)
where F aµν = ∂µAaν −∂νAaµ− gεabcAbµAcν, Dµ = ∂µ+ i g Aaµτa/2, and g is a gauge coupling
constant, τa are Pauli matrices. For simplicity, we omit interactions other than gauge
interactions. The system is described by an ordinary SU (2) Yang-Mills theory with a
complex scalar field and twoWeyl spinors (a Dirac spinor).
Next we consider the extremal case that all matter fields company with their ghost
partners.
(B) Case withQF doublets matter fields
Let the set (Aaµ;φ,cφ;ψL,cL;ψR,cR) be given as the massless ones. Here, cφ is the ghost
partner of φ, and cL and cR are the ghost partners of ψL and ψR, respectively. To for-
mulate a theory consistently, we require the SU (2) gauge invariance and the invariance
under the fermionic transformations,
δFφ=−cφ , δFφ† = 0 , δFcφ = 0 , δFc†φ =φ† , δFψL =−cL , δFψ
†
L
= 0 ,
δFcL = 0 , δFc†L =−ψ
†
L
, δFψR =−cR , δFψ†R = 0 , δFcR = 0 , δFc
†
R
=−ψ†
R
, δFA
a
µ = 0 (32)
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and
δ
†
F
φ= 0 , δ†
F
φ† = c†
φ
, δ†
F
cφ =φ , δ†Fc
†
φ
= 0 , δ†
F
ψL = 0 , δ†Fψ
†
L
=−c†
L
,
δ
†
F
cL =ψL , δ†Fc
†
L
= 0 , δ†
F
ψR = 0 , δ†Fψ
†
R
=−c†
R
, δ†
F
cR =ψR , δ†Fc
†
R
= 0 , δ†
F
Aaµ = 0 . (33)
Then, we obtain the Lagrangian density
L
(B)
SU (2)
=−1
4
F aµνF
aµν+Lm+L (B)gh =−
1
4
F aµνF
aµν+δFδ†FLm , (34)
L
(B)
gh
= (Dµcφ)†(Dµcφ)+c†Liσ
µDµcL+c†Riσ
µDµcR . (35)
For simplicity, we omit interactions other than gauge interactions. The system is essen-
tially identical to that described by the pure SU (2) Yang-Mills theory, because QF dou-
blets are unphysical under the subsidiary conditions (25).
Here, we give a comment on a SUSY extension of the system. Let the set (Aaµ;λ
a ,ca)
be given as the massless ones. Here, λa are SU (2) gauginos and ca are their ghost part-
ners. We obtain the Lagrangian density
L
(B′)
SU (2)
=−1
4
F aµνF
aµν+ 1
2
λ
a
iγµ(Dµλ)
a + 1
2
caiγµ(Dµc)
a
=−1
4
F aµνF
aµν+δFδ†F
(
1
2
λ
a
iγµ(Dµλ)
a
)
. (36)
This system is also identical to that described by the pure SU (2) Yang-Mills theory, under
the subsidiary conditions (25).
Finally, we consider an exotic case such that incomplete ghost fields exist.
(C) Case with incompleteQF singlets matter fields
Let us obtain the set of particles Aaµ, φ, ψL, ψR and the ghost fields which do not form
SU (2)multiplets such asC+µ ,C
−
µ , c
1
φ, c
1
L
and c1
R
, as themassless ones. The gauge quantum
numbers of ghost fields are same as those of A+µ = (A1µ−i A2µ)/
p
2, A−µ = (A1µ+i A2µ)/
p
2,φ1,
ψ1
L
andψ1
R
, respectively, but they obey statistics different from ordinary counterparts. To
formulate a theory, we require theU (1) gauge invariance and the invariance under the
fermionic transformations,
δFφ
1 =−c1φ , δFφ1† = 0 , δFc1φ = 0 , δFc1†φ =φ1† , δFψ1L =−c1L , δFψ
1†
L
= 0 ,
δFc
1
L = 0 , δFc1†L =−ψ
1†
L
, δFψ
1
R =−c1R , δFψ1†R = 0 , δFc1R = 0 , δFc
1†
R
=−ψ1†
R
,
δFA
+
µ =−C+µ , δFA−µ = 0 , δFC+µ = 0 , δFC−µ = A−µ , δFφ2 = 0 , δFφ2† = 0 ,
δFψ
2
L = 0 , δFψ2†L = 0 , δFψ2R = 0 , δFψ
2†
R
= 0 , δFA3µ = 0 (37)
and
δ
†
F
φ1 = 0 , δ†
F
φ1† = c1†
φ
, δ†
F
c1φ =φ1 , δ†Fc
1†
φ
= 0 , δ†
F
ψ1L = 0 , δ†Fψ
1†
L
=−c1†
L
,
δ
†
F
c1L =ψ1L , δ†Fc
1†
L
= 0 , δ†
F
ψ1R = 0 , δ†Fψ
1†
R
=−c1†
R
, δ†
F
c1R =ψ1R , δ†Fc
1†
R
= 0 ,
δ
†
F
A+µ = 0 , δ†FA−µ =C−µ , δ
†
F
C+µ = A+µ , δ†FC−µ = 0 , δ
†
F
φ2 = 0 , δ†
F
φ2† = 0 ,
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δ
†
F
ψ2L = 0 , δ†Fψ
2†
L
= 0 , δ†
F
ψ2R = 0 , δ†Fψ
2†
R
= 0 , δ†
F
A3µ = 0 . (38)
Then, we obtain the Lagrangian density,
L
(C)
SU (2)
=−1
4
[F aµνF
aµν]⋆+Lm+L (C)gh +L
(C)
int
, (39)
where [F aµνF
aµν]⋆ is the gauge kinetic term that (g
2/4)(A−ν A
+
µ−A−µA+ν )(A−νA+µ−A−µA+ν)
is replaced by the non-local one (g 2/4)(A−ν A
+
µ− A−µA+ν )⋆ (A−νA+µ− A−µA+ν) in F aµνF aµν,
and L (C)
gh
and L (C)
int
are given by
L
(C)
gh
=−(D ′µC−ν )(D ′µC+ν)+ (D ′µC−ν )(D ′νC+µ)+ (D ′µc1φ)†(D ′µc1φ)
+c1†
L
iσµD ′µc
1
L+c1†R iσµD ′µc1R , (40)
L
(C)
int
=− i g
2
(
∂µA
3
ν−∂νA3µ
)(
C−νC+µ−C−µC+ν
)
+ g
2
2
(
A−ν A
+
µ − A−µA+ν
)
⋆
(
C−νC+µ−C−µC+ν
)
+ g
2
4
(
C−νC
+
µ −C−µC+ν
)
⋆
(
C−νC+µ−C−µC+ν
)
+ g
2
2
(
−φ1†C+µC−µφ1+φ2†C−µC+µφ2
)
+ g
2
2
c1†φ
(
A+µA
−µ−C+µC−µ
)
c1φ+
i gp
2
(D ′µc
1
φ)
†C+µφ2− i gp
2
φ2†C−µ (D
′µc1φ)
+ i gp
2
(D ′µφ
2)†C−µc1φ−
i gp
2
c1†φ C
+
µ (D
′µφ2)+ gp
2
c1†
L
σµC+µψ
2
L
+ gp
2
ψ2†
L
σµC−µ c
1
L+
gp
2
c1†
R
σµC+µψ
2
R+
gp
2
ψ2†
R
σµC−µ c
1
R , (41)
where D ′µ = ∂µ+ i g A3µT 3 (T 3 is the third component of su(2) algebra), L (C)gh are kinetic
terms of ghost fields including a minimal coupling with theU (1) gauge boson A3µ, and
Lint contains interactions between ordinarymatters and ghosts.
The total Lagrangian density is rewritten as
L
(C)
SU (2)
=−1
4
[F aµνF
aµν]⋆+Lm+L (C)gh +L
(C)
int
=LU (1)+δFδ†F∆L (C) , (42)
where LU (1) and ∆L
(C) are given by,
LU (1) =−
1
4
(∂µA
3
ν−∂νA3µ)(∂µA3ν−∂νA3µ)+ (D ′µφ2)†(D ′µφ2)
+ψ2†
L
iσµD ′µψ
2
L+ψ2†R iσµD ′µψ2R , (43)
∆L
(C) =−(D ′µA−ν )(D ′µA+ν)+ (D ′µA−ν )(D ′νA+µ)
− i g
2
(
∂µA
3
ν−∂νA3µ
)(
A−νA+µ− A−µA+ν
)
+ g
2
8
(
A−ν A
+
µ − A−µA+ν
)
⋆
(
A−νA+µ− A−µA+ν
)
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− g
2
8
(
C−νC
+
µ −C−µC+ν
)
⋆
(
C−νC+µ−C−µC+ν
)
+ (D ′µφ1)†(D ′µφ1)
+ g
2
4
(
φ1†A+µA
−µφ1+c1†φ C+µC−µc1φ
)
+ g
2
2
φ2†A−µA+µφ
2
+ i gp
2
(D ′µφ
1)†A+µφ2− i gp
2
φ2†A−µ(D
′µφ1)
+ i gp
2
(D ′µφ
2)†A−µφ1− i gp
2
φ1†A+µ(D
′µφ2)
+ψ1†
L
iσµD ′µψ
1
L−
gp
2
ψ1†
L
σµA+µψ
2
L−
gp
2
ψ2†
L
σµA−µψ
1
L
+ψ1†
R
iσµD ′µψ
1
R−
gp
2
ψ1†
R
σµA+µψ
2
R−
gp
2
ψ2†
R
σµA−µψ
1
R . (44)
The system is essentially identical to theU (1) gauge theory described byLU (1) under the
subsidiary conditions (25).
From (42), we find that SU (2) gauge symmetry is hidden in the form that it emerges
after removing ghost fields and replacing the non-local self-interactions among A±µ by
the local ones. The A+µ and A
−
µ behave as chargedmatters and change their phase under
the U (1) gauge transformation. The time-components of A±µ generate negative norm
states, but they can be unphysical and harmless with the help of those of C±µ . Hence
the theory would not encounter inconsistency, so far as theU (1) gauge invariance and
particle-ghost symmetries are respected. To treat the non-local interactions and formu-
late the system consistently, the framework beyond the effective field theory might be
necessary.
Furthermore, (42) can be regarded as a matching condition between a system with
SU (2) gauge bosons and thatwith the reducedU (1) symmetry at a high-energy scaleMU,
where matters and ghosts are administrated. Hence, we expect that specific relations
among physical parameters, reflecting a larger gauge symmetry, are revived at MU, and
they are tested by analyzing renormalization group flows of parameters in a system with
a reduced gauge symmetry.
3.3.2 Grand unification scenario
We take the following viewpoint and scenario for a physics beyond and behind the SM.
The gauge coupling constants preciselymeasured at the Large Electron-Positron collider
(LEP) [47] suggest that the SM gauge interactions are unified at MU in SM + α. An ulti-
mate theory has a grandunified gauge symmetry potentially,and contains bothmassless
andmassive states. All massive states formdoublets ofQF, and they become unphysical.
Massless states consist of three types of constituents, ordinary fields (collectively de-
noted by ΦU) including the gauge bosons which belong to multiplets of a unified gauge
groupGU, ordinary fields (collectively denoted byΦ
′
o) which belong to those of a smaller
gauge symmetryG ′o, and ghost fields (collectively denoted byΦg) which belong to those
of a gauge symmetryGg. The physics ofΦU is effectively described by aGUT. IfG
′
o and/or
Gg is the gauge group of SM + α, the GUT symmetry is broken down into the SM + α one
at MU, in the presence of Φ
′
o and Φg. Then the theory turns out to be SM + α with spe-
cific relations among parameters reflecting on the unified symmetry, atMU. Or specific
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initial conditions are imposed on parameters of SM + α, at MU. Note that there are no
contributions such as threshold corrections due to heavy particles, in case that they are
unphysical and do not give any quantum effects.
With the help of the toy model (C) in Sect. 3.3.1, our scenario is summarized as8
Llight =LGUT⋆+L ′o+Lgh+Lint =LSM+α+δFδ†F∆L
∣∣∣
MU
, (45)
whereLGUT⋆ is the Lagrangian density describing the GUT concerningΦU,L
′
o andLgh
contain kinetic terms of Φ′o and Φg including minimal couplings with the gauge bosons
in SM + α, and Lint contains interactions between ordinary particles and ghosts. We
present a prototypemodel describing the grand unification, in the Appendix B.
The theory has following excellent features.
• The Lagrangian density in SM + α is obtained with the following conditions for
gauge coupling constants,
g3 = g2 = g1 = gU
∣∣
MU
, g1 =
√
5
3
g ′ , (46)
where g3, g2 and g
′ are the gauge coupling constants for SU (3)C, SU (2)L andU (1)Y,
respectively, and gU is the unified gauge coupling constant.
• The triplet-doublet splitting of Higgs boson is realized, if extra colored compo-
nents are unphysical with the advent of their ghost partners.
• The SM gauge interactions are unified under a large gauge group, but the proton
can be stabilized if extra colored particles such as X gauge bosons are unphysical,
in the presence of their ghost partners, and do not give any quantum effects on
physical particles.
Furthermore, new particles around the terascale in SM + α can provide useful hints
to the physics such as the grand unification and SUSY at MU. For instance, if (part of)
new particles form hypermultiplets as remnants of SUSY, it can be an evidence of (the
reduction of) N = 2 SUSY through the analysis of renormalization group evolutions of
parameters [22].
4 Conclusions
We have reconsidered the gauge hierarchy problem from the viewpoint of effective field
theories and a high-energy physics, motivated by the alternative scenario that the SM
(modified with massive neutrinos) holds up to a high-energy scale such as the Planck
scale and the principle that the hierarchy is stabilized by a symmetry that should be
unbroken in the SM. We have given a conjecture that theories with specific internal
8 The basic idea of our scenario is same as those in Refs. [48, 49].
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fermionic symmetries can be free from the gauge hierarchy problem and become can-
didates of the physics beyond and/or behind the SM, and presented a grand unification
scenario and its prototypemodel.
Our consideration is based on the reinterpretation of the gauge hierarchy problem
such that “without spoiling the structure of a high-energy physics supported by an excel-
lent concept, is it possible to construct a low-energy effective theory and the interaction
with heavy particles?"
It is also based on following thoughts. A large symmetry is, in general, broken down to
the smaller one, if two systemswith different size of symmetries interact with each other.
The spacetime SUSY is no exception. A requirement of large and manifest symmetries
causes strict laws of physics, and often leads to an unrealistic system. Diversity of nature
might be a result of a partial breakdown or reduction of such symmetries, keeping its
inner beauty. It would be attractive that the SM particles behave liberally to the extent
permitted by the laws of physics including hidden symmetries.
In this way, spacetime SUSY seems not to be within reach of our direct measure-
ments, because it is too beautiful and prominent. However, it does not mean that SUSY
is absent in our world, at all. It is just contrary, and SUSYmust exist at an ultimate level,
because it achieves the unification of bosons and fermions, and it is deeply connected
to the consistency of the theory such as superstring theory. Then, it can be said that the
existence of fermions is a proof for SUSY. It is also possible to gain information on SUSY
realized atMU from new particles around the terascale [22].
A magical ability would be required to keep an inner beauty eternally. If fermionic
symmetries such as the particle-ghost symmetries remain unbroken, the SM particles
could behave liberally as singlets. In this situation, even if the SM gauge interactions are
unified under a large gauge group, proton can be stable because extra colored particles
such as X gauge bosons become unphysical. In other words, proton acquires an eternal
life as a result of the fact that extra colored particles sell their souls to the ghosts.
Furthermore, a definite discrepancy has not yet been observed between the predic-
tions in the SM (modified with massive neutrinos) and experimental results, and this
fact might be a proof for the existence of hidden fermionic symmetries and its related
unphysical particles. The theory can be tested indirectly, using features of symmetries.
In particular, physical quantities calculated in the SM + α should precisely match with
the experimental values at the terascale, because radiative corrections from unphysical
particles are canceled out. Parameters in the SM + α should satisfy specific relations at
MU , reflecting on a large symmetry realized in the ultimate theory.
Our scenario offers a systemwhere the vacuum energy vanishes atMU, because con-
tributions from heavy particles are canceled out and those from massless particles turn
out to be zero after the quartic divergences are removed. Our scenario could also have
a long life if consistent, because both spacetime SUSY and internal fermionic symmetry
can coexist. That is, in case that superpartners are discovered, they can be treated as
new particles in SM + α. If some of superpartners were absent, our fermionic symmetry
would have a chance to show up.
In our formulation, there appear non-local interactions among unphysical particles.
This fact might suggest that fundamental objects are not point particles but extended
objects, and a formulation using extended objects should be required to describe the
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interactions consistently.
Even if our particle-ghost symmetries have a weak point, our conjecture would be
survive that a magical symmetry can play the central role to solve the gauge hierarchy
problem, if the SM particles are singlets and heavy particles belong to non-singlets of
the transformation group, and the symmetry is unbroken and hidden in the low-energy
theory.
It is important to examine whether theories with internal fermionic symmetries are
consistently formulated in amanner to satisfy unitarity and causality. It is also challeng-
ing to study the structure of ultimate theory and to derive its low-energy effective theory.
If our world originated from only unphysical objects, more powerful symmetries would
be needed to formulate unphysical theories including gauge bosons and gravitons, and
the concept of orbifold grand unification [50, 51] would be useful on the reduction of
relevant symmetries.
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A Non-local interactions and radiative corrections
We study interactions among unphysical particles, and radiative corrections on param-
eters, using a toy model described by the Lagrangian density,
L˜T =Lφ+L˜ϕ,c +L˜mix , (47)
Lφ = ∂µφ†∂µφ−m2φφ†φ−λφ
(
φ†φ
)2
, (48)
L˜ϕ,c = ∂µϕ†∂µϕ+∂µc†ϕ∂µcϕ−M
(ϕ)2
ϕ ϕ
†ϕ−M (c)2ϕ c†ϕcϕ
−λ(ϕ)ϕ ϕ†ϕ⋆ϕ†ϕ−2λ(ϕ,c)ϕ ϕ†ϕ⋆c†ϕcϕ−λ(c)ϕ c†ϕcϕ⋆c†ϕcϕ , (49)
L˜mix =−λ′(ϕ)φ†φϕ†ϕ−λ′(c)φ†φc†ϕcϕ , (50)
where λφ, λ
(ϕ)
ϕ and λ
(c)
ϕ are the quartic self-coupling constants of φ, ϕ and cϕ, respec-
tively, and λ
(ϕ,c)
ϕ , λ
′(ϕ) and λ′(c) are the quartic coupling constants amongϕ, cϕ and φ.
In the form of action integral, the star product (⋆) represents a non-local interaction
such that−λ(ϕ)ϕ ϕ†ϕ⋆ϕ†ϕ stands for
−
∫
λ
(ϕ)
ϕ v(x1,x2)ϕ
†(x1)ϕ(x1)ϕ
†(x2)ϕ(x2)d
4x1d
4x2 , (51)
where, v(x1,x2) is a function of two spacelike points x1 and x2 and is common to other
interactions in (49). We assume that v(x,x) = 0 and v(x1,x2) can take non-zero values
for (x1− x2)2 =O(ℓ2) (ℓ is a fundamental length). The vertex representing the non-local
interaction is depicted in Fig. 1. Here, the factor such as 4v(x1,x2) for λ
(ϕ)
ϕ is omitted, for
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Figure 1: The vertex representing the non-local interaction.
x1 x2
ϕ† ϕ†
ϕ ϕ
λ
(ϕ)
ϕ
simplicity. The same applies hereafter.
In the case that v(x1,x2) = δ4(x1− x2+ξ) with ξ2 =O(ℓ2), the non-local interaction
(51) becomes
−
∫
λ
(ϕ)
ϕ ϕ
†(x1)ϕ(x1)ϕ
†(x1+ξ)ϕ(x1+ξ)d4x1 . (52)
If ξµ = 0, the interaction becomes local. Then the self-interaction of cϕ vanishes such
that −λ(c)ϕ : c†ϕcϕc†ϕcϕ := 0 because of c2ϕ = 0. However, the self-interaction of cϕ is in-
dispensable, because it is induced radiatively through the coupling between light and
heavy fields and it contains infinities that should be removed through the renormaliza-
tion of relevant coupling constant. This is the reason why we introduce non-local self-
interactions.
L˜T hasOSp(2|2) invariance, when the following relations among parameters hold
M
(ϕ)2
ϕ =M (c)2ϕ , λ
(ϕ)
ϕ =λ(ϕ,c)ϕ =λ(c)ϕ , λ′(ϕ) =λ′(c) . (53)
Let us study radiative corrections on parameters at the one-loop level, without speci-
fying the form of v(x1,x2), and examine whetherOSp(2|2) invariance holds at the quan-
tum level.
First, we consider radiative corrections on m2φ. The one-loop diagrams concerning
δm2φ are given in Fig. 2.
Figure 2: The one-loop diagrams of δm2φ.
ϕ
λ′(ϕ)
cϕ
λ′(c)
φ
λφ
+ +
φ† φ
The contributions from the first two diagrams are canceled each other for the case with
(53), because the statistics of particles running in the loop is different from each other.
In this case, δm2φ is given by
δm2φ =−
λφ
4π2
m2φ ln
Λ
2
m2φ
, (54)
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where we subtract the quadratic divergence. In the same way, radiative corrections on
λφ come from only the self-interaction of φ, because the contributions from ϕ and cϕ
are exactly canceled out.
Next, we study radiative corrections on M
(ϕ)2
ϕ and M
(c)2
ϕ . The one-loop diagrams of
δM
(ϕ)2
ϕ are given in Fig. 3.
Figure 3: The one-loop diagrams of δM
(ϕ)2
ϕ .
ϕ
ϕ† ϕ
x1
x2
ϕ
x2
x1
cϕ
2λ
(ϕ,c)
ϕ
λ
(ϕ)
ϕ
φ
λ′(ϕ)
x2x1
ϕ
x1x2
ϕ
+ +
+ +
Those of δM (c)2ϕ are given by exchanging ϕ for cϕ, λ
(ϕ)
ϕ for λ
(c)
ϕ and λ
′(ϕ) for λ′(c). The
contributions from the first two diagrams and the fifth one are canceled for the case
with (53). In this case, after the subtraction of quadratic divergence, δM
(ϕ)2
ϕ is given by
δM
(ϕ)2
ϕ =−
λ′(ϕ)
4π2
m2φ ln
Λ
2
m2φ
+2λ(ϕ)ϕ Jϕ , (55)
where Jϕ represents the sum of contributions from the third and fourth diagrams. In the
same way, δM (c)2ϕ is given by
δM (c)2ϕ =−
λ′(c)
4π2
m2φ ln
Λ
2
m2
φ
+2λ(c)ϕ Jcϕ , (56)
where Jcϕ represents the counterpart to Jϕ. From (55) and (56), we find that δM
(ϕ)2
ϕ =
δM (c)2ϕ for the case with (53) and Jϕ = Jcϕ The equality Jϕ = Jcϕ holds if the following
reasoning is correct. In the third and fourth diagrams, ϕ (cϕ) does not form the closed
line by itself (the loop is composed of ϕ (cϕ) and the dashed line representing non-local
interactions), and hence an extraminus sign is not required for the propagation of cϕ. In
this case, the same size of contributions are expected for Jϕ and Jcϕ .
Finally, we study radiative corrections on λ
(ϕ)
ϕ , λ
(c)
ϕ and λ
(ϕ,c)
ϕ . The one-loop diagrams
of δ(λ
(ϕ)
ϕ v(x1,x2)) are given in Fig. 4.
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Figure 4: The one-loop diagrams of δ(λ
(ϕ)
ϕ v(x1,x2)).
ϕ ϕ
ϕ† ϕ†
ϕ λ
(ϕ)
ϕλ
(ϕ)
ϕ
cϕ 2λ
(ϕ,c)
ϕ2λ
(ϕ,c)
ϕ
4× λ
(ϕ)
ϕ λ
(ϕ)
ϕ
φλ′(ϕ) λ′(ϕ)
+ +
+ +
Here, the factor 4× comes from the fact that there are four ways to contract external lines
with non-local interaction points. Those of δ(λ(c)ϕ v(x1,x2)) are given by exchangingϕ for
cϕ, λ
(ϕ)
ϕ for λ
(c)
ϕ and λ
′(ϕ) for λ′(c). The contributions from the first and fifth diagrams are
canceled for the case with (53).
The one-loop diagrams of δ(λ
(ϕ,c)
ϕ v(x1,x2)) are given in Fig. 5.
Figure 5: The one-loop diagrams of δ(λ
(ϕ,c)
ϕ v(x1,x2)).
ϕ cϕ
ϕ† c
†
ϕ
ϕ 2λ
(ϕ,c)
ϕλ
(ϕ)
ϕ
cϕ λ
(c)
ϕ2λ
(ϕ,c)
ϕ
2×
2λ
(ϕ,c)
ϕ
2λ
(ϕ,c)
ϕ
φλ′(ϕ) λ′(c)
+ +
+ +
2λ
(ϕ,c)
ϕ
2λ
(ϕ,c)
ϕ
λ(c)ϕ λ
(ϕ)
ϕ
Here, the factor 2× stems from the fact that there are two ways to contract external lines
with non-local interaction points. The contributions from the first and fourth diagrams
are canceled for the case with (53). Then we find that δ(λ
(ϕ)
ϕ v(x1,x2))= δ(λ(c)ϕ v(x1,x2))=
δ(λ
(ϕ,c)
ϕ v(x1,x2)), when the relations (53) hold, and an extra minus sign is not required
for the propagation of cϕ in case that the loop is not composed of cϕ alone.
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In this way, it is shown that, if the relations (53) and the above feature relating cϕ hold
and quadratic divergences are removed, the light field φ receives neither any quantum
corrections from heavy fields ϕ and cϕ nor large corrections from the self-interaction,ϕ
and cϕ receive exactly the same size of radiative corrections, and hence the mass hierar-
chy is stabilized against quantum corrections at the one-loop level.
B Prototypemodel for grand unification
Let us present a prototype model of a grand unified theory in a hidden form, composed
of massless fields including incompletematter fields and ghost ones, by reference to the
model (C) in Sect. 3.3.1. The Lagrangian density possessing SU (5) gauge invariance is
given by,
LGUT =L (1)GUT+L
(2)
GUT
, (57)
L
(1)
GUT
=−1
4
FαµνF
αµν+ (DµH)†(DµH)−λH (H†H)2 , (58)
L
(2)
GUT
=
∑
k
Ψ
†
Lk
iσµDµΨLk +
∑
k′
Ψ
†
Rk′ iσ
µDµΨRk′ +·· · , (59)
where Dµ = ∂µ + i gUAαµT α, H = (HC ,HW )T is the Higgs boson with the fundamental
representation5, andΨLk andΨRk are left-handed and right-handedWeyl fermions. A
α
µ
(α = 1, · · · ,24) are SU (5) gauge bosons, and gU is the unified gauge coupling constant.
HC andHW stand for the colored components and the weak ones inH , respectively. The
ellipsis stands for terms such as Yukawa interactions. We do not consider them, because
it depends on the origin of matter fields
In the introduction of ghost fields Cµ and cHC , whose gauge quantum numbers are
same as those of Xµ and HC ((3,2) and (3,1) of SU (3)C×SU (2)L, respectively), the fol-
lowing Lagrangian density can be added,
L
(1)
gh
=−(D ′µCν)†(D ′µCν)+ (D ′µCν)†(D ′νCµ)+ (D ′µcHC )†(D ′µcHC ) , (60)
L
(1)
int
=− i gU
2
F ′aµν
(
C †νCµ−C †µCν
)a
+
g 2
U
2
(
X †νXµ−X †µXν
)a
⋆
(
C †νCµ−C †µCν
)a
+
g 2U
4
(
C †νCµ−C †µCν
)a
⋆
(
C †νCµ−C †µCν
)a
+
g 2
U
2
H†
W
C †µC
µHW −
g 2
U
2
H†
C
CµC
†µHC +
g 2
U
2
c†
HC
(
XµX
†µ−CµC †µ
)
cHC
+ i gUp
2
(D ′µcHC )
†CµHW −
i gUp
2
H†
W
C †µ(D
′µcHC )−
i gUp
2
(D ′µHW )
†C †µcHC
+ i gUp
2
c†
HC
Cµ(D
′µHW )−2λH
(
HC
†HC +HW †HW
)
⋆c†
HC
cHC
−λH c†HC cHC ⋆c
†
HC
cHC , (61)
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where D ′µ = ∂µ+ i gUAaµT a , and F ′aµν is the field strength of the SM gauge bosons Aaµ (a =
1,2 · · · ,8,21, · · · ,24). Using (58), (60) and (61), we obtain the relation
L
(1)
light
=L (1)
GUT⋆
+L (1)
gh
+L (1)
int
=L (1)
SM⋆
+δFδ†F∆L (1)
∣∣∣
MU
, (62)
where L (1)
GUT⋆
is the Lagrangian density that the self-interactions of Xµ and H are re-
placed by the non-local ones in (58), L (1)
SM⋆
and ∆L (1) are given by
L
(1)
SM⋆
=−1
4
F ′aµνF
′aµν+ (D ′µHW )†(D ′µHW )−λHH†WHW ⋆H
†
W
HW , (63)
∆L
(1) =−(D ′µXν)†(D ′µX ν)+ (D ′µXν)†(D ′νX µ)−
i gU
2
F ′aµν
(
X †νX µ−X †µX ν
)a
+
g 2U
8
(
X †νXµ−X †µXν
)a
⋆
(
X †νX µ−X †µX ν
)a
−
g 2
U
8
(
C †νCµ−C †µCν
)a
⋆
(
C †νCµ−C †µCν
)a
+ (D ′µHC )†(D ′µHC )+
g 2
U
4
(
H†
C
XµX
†µHC +c†HCCµC
†µcHC
)
+
g 2U
2
H†
W
X †µX
µHW +
i gUp
2
(D ′µHC )
†X µHW −
i gUp
2
H†
W
X †µ(D
′µHC )
− i gUp
2
(D ′µHW )
†X †µHC +
i gUp
2
HC
†Xµ(D
′µHW )
− λH
2
(
HC
†HC ⋆HC
†HC −c†HC cHC ⋆c
†
HC
cHC
)
−2λHHC †HC ⋆HW †HW .(64)
Note that the self-interaction of the weak Higgs boson HW is given as the non-local one
in (63), but it is regarded as the local one if the fundamental length ℓ is small enough.
The L (1)
light
is invariant under the fermionic transformations,
δFHC =−cHC , δFH†C = 0 , δFcHC = 0 , δFc
†
HC
=H†
C
, δFXµ =−Cµ , δFX †µ = 0 ,
δFCµ = 0 , δFC †µ = X †µ , δFHW = 0 , δFH†W = 0 , δFAaµ = 0 (65)
and
δ
†
F
HC = 0 , δ†FH
†
C
= c†
HC
, δ†
F
cHC =HC , δ†Fc
†
HC
= 0 , δ†
F
Xµ = 0 , δ†FX †µ =C †µ ,
δ
†
F
Cµ = Xµ , δ†FC †µ = 0 , δ
†
F
HW = 0 , δ†FH
†
W
= 0 , δ†
F
Aaµ = 0 . (66)
Next, we consider thematter partL (2)
GUT
, taking three types of mattermultiplets such
asΨ
5L
,Ψ5R andΨ10L .
(a) Starting fromΨ
5L
= (d c
L
, lL)
T , after introducing the ghost partner clL of lL, the kinetic
term of down type SU (2)L-singlet quark d
c
L
is derived as follows,
Ψ
†
5L
iσµDµΨ5L +c
†
lL
iσµD ′µclL −
gUp
2
d c†
L
σµC∗µclL +
gUp
2
c†
lL
σµCTµ d
c
L
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= d c†
L
iσµD ′µd
c
L+δFδ†F
(
lL
†iσµD ′µlL+
gUp
2
d c†
L
σµX ∗µ lL−
gUp
2
lL
†σµX Tµ d
c
L
)∣∣∣∣
MU
,(67)
where the superscripts c and ∗ represent the operation of charge conjugation and com-
plex conjugation, respectively, and the fermionic transformations are given by
δFlL =−clL , δFl†L = 0 , δFclL = 0 , δFc
†
lL
=−l†
L
, δFX
T
µ =−CTµ , δFX ∗µ = 0 ,
δFC
T
µ = 0 , δFC∗µ = X ∗µ , δFd cL = 0 , δFd c†L = 0 (68)
and
δ
†
F
lL = 0 , δ†Fl
†
L
=−c†
lL
, δ†
F
clL = lL , δ†Fc
†
lL
= 0 , δ†
F
X Tµ = 0 , δ†FX ∗µ =C∗µ ,
δ
†
F
CTµ = X Tµ , δ†FC∗µ = 0 , δ
†
F
d cL = 0 , δ†Fd
c†
L
= 0 . (69)
(b) From the content with Ψ5R = (dR, l cR)T and the ghost partner cdR of dR, the kinetic
term of SU (2)L-doublet lepton lL = (l cR)c is derived as (after the charge conjugation is
performed),
Ψ
†
5R
iσµDµΨ5R +c†dR iσ
µD ′µcdR +
gUp
2
c†
dR
σµCµl
c
R−
gUp
2
l c†
R
σµC †µcdR
= l c†
R
iσµD ′µl
c
R+δFδ†F
(
dR
†iσµD ′µdR−
gUp
2
dR
†σµXµl
c
R+
gUp
2
l c†
R
σµX †µdR
)∣∣∣∣
MU
, (70)
where the fermionic transformations are given by
δFdR =−cdR , δFd†R = 0 , δFcdR = 0 , δFc
†
dR
=−d†
R
, δFl
c
R = 0 , δFl c†R = 0 (71)
and
δ
†
F
dR = 0 , δ†Fd
†
R
=−c†
dR
, δ†
F
cdR = dR , δ†Fc
†
dR
= 0 , δ†
F
l cR = 0 , δ†Fl
c†
R
= 0 . (72)
(c) From the content withΨ10L = {qL,ucL,ecL} and the ghost partners cucL of u
c
L
and cec
L
of
ec
L
, the kinetic term of SU (2)L-doublet quark qL is derived as
Ψ
†
10L
iσµDµΨ10L +c†uc
L
iσµD ′µcucL +c
†
ec
L
iσµD ′µcecL
+ gUp
2
c†
uc
L
σµCµqL−
gUp
2
q†
L
σµC †µcucL +
gUp
2
q†
L
σµCµcec
L
− gUp
2
c†
ec
L
σµC †µqL
= q†
L
iσµD ′µqL+δFδ†F
(
ucL
†
iσµD ′µu
c
L+eR†iσµD ′µeR
− gUp
2
ucL
†
σµXµqL+
gUp
2
q†
L
σµX †µu
c
L−
gUp
2
q†
L
σµXµe
c
L+
gUp
2
ecL
†
σµX †µqL
)∣∣∣∣
MU
, (73)
where the fermionic transformations are given by
δFu
c
L =−cucL , δFu
c†
L
= 0 , δFcuc
L
= 0 , δFc†uc
L
=−uc†
L
,
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δFe
c†
L
=−c†
ec
L
, δFe
c
L = 0 , δFc†ec
L
= 0 , δFcec
L
=−ecL , δFqL = 0 , δFq†L = 0 (74)
and
δ
†
F
ucL = 0 , δ†Fu
c†
L
=−c†
uc
L
, δ†
F
cuc
L
= ucL , δ†Fc
†
uc
L
= 0 ,
δ
†
F
ec†
L
= 0 , δ†
F
ecL =−cecL , δ
†
F
c†
ec
L
= ec†
L
, δ†
F
cec
L
= 0 , δ†
F
qL = 0 , δ†Fq
†
L
= 0 . (75)
The kinetic terms of uc
L
and ec
L
should be added, by introducing uc
L
and ec
L
as Φ′o (or-
dinary fields belonging to multiplets of the SM gauge group).
This model has following excellent features. The unification of the SM gauge cou-
pling constants occurs such that g3 = g2 = g1 = gU at MU. The triplet-doublet splitting
of Higgs boson is realized in the form that HW becomes theHiggs doublet in the SM and
the ghost cHC makes HC unphysical. The longevity of proton is fully guaranteed because
both X gauge bosons and their ghost partners are unphysical.
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